Fetal and early postnatal life represent critical periods in vertebrate immune system development. Disruption of such development by perinatal immunotoxic chemical exposure has been widely described in experimental animal models. The resultant inhibited postnatal immune responses in such animals are often more dramatic and persistent than those after exposure during adult life. Further, recent reports suggest that prenatal exposure to immunotoxicants may exacerbate postnatal aberrant immune responses (e.g., hypersensitivity disorders and autoimmune disease) in genetically predisposed rodents. Limited information is available regarding the possibility of inhibited postnatal immune capacity in humans as a result of developmental immunotoxicant exposure. The multifactorial nature of hypersensitivity and autoimmune responses will further complicate the elucidation of possible relationships between chemical exposure during ontogeny of the human immune system and immune-mediated disease later in life. Taken together, however, the available animal data suggest the potential for altered postnatal immune function in humans exposed to immunotoxicants (e.g., environmental chemicals and therapeutic agents) during fetal and/or early postnatal life.
Developmental immunotoxicology as a discipline is in its infancy, with much remaining to be learned. Indeed, limited human data are available regarding the spectrum of potential postnatal immune consequences that may result from gestational and/or early postnatal exposure to individual or mixtures of immunotoxic compounds. We describe the development of the immune system and compare the similarities and differences of this development in humans and laboratory animals; review the evidence that the developing immune system is sensitive to perturbation by chemical and physical agents and that consequent agent-induced immune dysfunction may continue through life; and identify the gaps in the developmental immunotoxicology knowledge base.
Development of the Immune System
Cellular and humoral immune responses in the neonate differ both qualitatively and quantitatively from those of the adult. These differences are an anticipated result of lower numbers and/or decreased functional capacity of leukocytes [e.g., T and B lymphocytes, natural killer (NK) cells, and myeloid-lineage cells] present in the early postnatal immune system (1) . The postnatal immune system is, in turn, the product of a series of highly regulated developmental events that include sequential waves of hematopoietic cell production, cellular migrations through hematopoietic organs, cell-cell interactions within these organs under microenvironmental influences, highly specific cytodifferentiational steps, and final maturation, including the acquisition of definitive functional properties (2, 3) . Most available data regarding ontogenesis of the vertebrate immune system are derived from human and rodent studies, and demonstrate multiple switching of hematopoietic compartments during development (4) (5) (6) (7) (8) . Relatively limited data are available in species other than humans and rodents, but those that exist suggest similar patterns of immune development. However, the stage of development achieved at the time of birth, and, thus, the degree of immunocompetence in early postnatal life, is variable from species to species (9) .
Early in vertebrate development (e.g., at approximately 24 hr in the chicken), mesodermal-derived hemangioblasts give rise to the earliest progenitors of all blood cells. These pluripotent stem cells are first detected in the area vasculosa, a plexus of vessels formed on the surface of the yolk sac before the establishment of closed circulation (10) . Shortly thereafter, pluripotent stem cells appear in blood islets within the yolk sac (5) , and, at approximately day 9 of gestation in the mouse, migrate via the bloodstream to the fetal liver and spleen. The liver and, to a lesser degree, the spleen then carry the burden of hematopoiesis until shortly after birth (8) .
Fetal liver hematopoiesis is first detectable at approximately day 10 of gestation in mice and at about the sixth week of gestation in humans (4, 8) . The mouse spleen actively contributes to hematopoiesis from approximately day 15 of gestation until several weeks after birth, at which time erythropoietic elements predominate (6, 8) . Although the spleen never completely loses hematopoietic function in the mouse, this organ has largely ceased hematopoiesis in humans by the time of birth (but may regain hematopoietic function in abnormal situations) (11) .
Perinatally in both mice and humans, pluripotent stem cells in the liver migrate to bone marrow as the liver becomes increasingly devoted to metabolic function. The vascular mesenchyme within the bone marrow forms a supporting reticular network by gestational days 17-18 in mice and by week 20 in humans upon which the migrating pluripotent stem cells can seed and proliferate (12) . Waves of granulopoietic activity dominate murine marrow hematopoietic function from about day 19 of gestation until approximately 3 months after birth. Limited erythropoietic activity begins in mouse bone marrow after birth and in humans well before birth (8) . A limited number of B cell progenitors can be detected in mouse bone marrow on day 19 of gestation; they increase in number until about 2-4 months of age, at which time they constitute approximately 20% of the nucleated cell population. A limited number of T lymphocytes can be detected in murine bone marrow at birth, and they slowly increase to plateau at about 2-4 months of age (6) . In both mice and humans, the bone marrow then serves as the primary site of hematopoiesis throughout postnatal life.
The epithelial thymic rudiment forms at gestational days 9-10 in the mouse (6, 13) , after which colonization of the thymus by precursor T cells from the fetal liver begins on days [10] [11] (13, 14) . These thymocytes are initially double negative with respect to CD4 and CD8 cell-surface antigens, then develop sequentially to immature CD8+ single positive and CD4+CD8+ (double positive) stages, and finally mature into CD4+ or CD8+ thymocytes that migrate to the periphery as functional T-helper and cytotoxic T lymphocytes, respectively. Rearrangement of T-cell receptor (TCR) gene segments occurs during this maturation, resulting in appearance of double-positive thymocytes expressing surface TCR (15, 16) . The TCR complex that includes a product of the TCR y-gene is present on fetal thymocytes by days 14-15 of gestation (17, 18) . At approximately day 17 of fetal mouse development, the TCR ac-heterodimer is expressed on the majority of thymocytes (19) . Anti-CD3 monoclonal antibody is able to activate day-16 fetal thymocytes, however (20) , indicating that CD3-bearing day-16 fetal thymocytes express a functional TCR before TCR-ac4 structures are expressed (19) .
In contrast to the mouse, where thymic colonization occurs in the latter half of gestation, thymic colonization and early T-cell development occur in the first trimester of fetal development in humans. Bloodborne stem cells enter the developing thymus at approximately 7 weeks of gestation, with subsequent differentiation occurring rapidly and following a pattern similar to that seen in the mouse. The majority of these thymocytes express TCR of the y8 type at approximately 9.5 weeks of gestation and of the ax3 type by about 10 weeks of gestation (1, 21 (32) . Such exposure to TCDD results in inhibited T-cell responses lasting [8] [9] [10] weeks after birth in exposed mice (33) . Other effects on cell-mediated immune function after preor perinatal TCDD exposure include suppression of T-cell mitogen responses (34) , skin graft rejection times, graft-versus-host reactivity (35) , and delayed hypersensitivity (30, (36) (37) (38) (39) (42) . These authors also found that calves inadvertently exposed to PBB in utero displayed no significant alterations in immune responses. When pregnant mice were dosed with 0.5 mg/kg/day of the PCB 3,4,5,3 ',4',5'-hexachlorobiphenyl (HCB) beginning at the day of implantation, very marginal effects on the developing immune system were again observed (43) . Similarly, feeding pregnant mice throughout gestation and lactation with various combinations of lead and/or PCB resulted in negligible effects on the ability of the offspring to mount an immune response (44) . However, when lead alone was administered throughout gestation and lactation, 35-to 45-day-old rats displayed reduced thymic weights and delayed hypersensitivity responses and inhibited lymphocyte proliferation (45) . These reports indicate that certain PBBs and PCBs are not potent developmental immunotoxicants.
In contrast to the above results, significant alterations were reported in peripheral lymphocytes of 4-week-old piglets after perinatal exposure to a commercial mixture of PBB (Firemaster BP-6) (46). Four-week-old mice exposed prenatally to a commercial PCB mixture (Kanechlor 500) displayed T-helper activity reduced to 20% of control levels (47) . In another report, in utero exposure of mice to PCB resulted in fetal thymic hypoplasia and inhibited lymphoid cell development in thymic organ culture (thymi taken from 14-day embryos) (48) . Thus, published reports have varied considerably regarding the toxicity of halogenated biphenyls to the developing immune system. These different immunotoxicity outcomes may in part be the result of differences in structure of the congeners evaluated. In particular, for some toxic end points, PCBs with chlorines in the para positions and in at least one of the meta positions of each ring, but not in any ortho position, are the most toxic members of this chemical class (49) . These PCBs, including 3,3',4,4'-tetrachlorobiphenyl (TCB), 3,3',4,4',5-pentachlorobiphenyl (PeCB), and 3,4,5,3',4',5'-HCB, bind the Ah receptor with relatively high affinity (though with less avidity than TCDD) (50) . Mono There are reports that document developmental immunotoxicity of certain monocyclic and polycyclic halogenated pesticides and pesticide contaminants, including the fungicide hexachlorobenzene (51); the herbicide contaminant 3,3',4,4'-tetrachloroazoxybenzene (52); and the insecticides hexachlorocyclohexane (53), diazinon, and carbofuran (54) and chlordane (55) .
Hexachlorobenzene exposure at 0.5 mglkg/day throughout gestation resulted in long-lasting (into adulthood) depressed delayed-type hypersensitivity (DTH) responses and decreased numbers of splenic B cells in exposed mice in utero (51) . When pregnant mice were exposed to higher levels of hexachlorobenzene, Barnett et al. (51) noted a significantly impaired mixed lymphocyte response. In contrast, rats exposed pre-and postnatally via their diet to approximately 4, 20, or 100 mg/kg hexachlorobenzene had significantly enhanced humoral immune function and DTH responses (56) . The reasons for this different observation in rodents exposed to hexachlorobenzene is unknown but may be due to dose level. In this regard, when pregnant mice were exposed to 10 or 100 mg/kg body weight hexachlorocyclohexane (HCH), the DTH response at postnatal day 10 was significantly increased in mice exposed to 10 mg/kg HCH and significantly impaired in mice exposed to 100 mg/kg HCH (53) . Spleen cell responses to concanavalin A (Con A) and lipopolysaccharide (LPS) were 2-and 8-fold higher, respectively, and the number of antibody plaque-forming cells (PFC) was 2-fold higher relative to control values in pups from the 10 mg/kg group, whereas neither mitogen nor the PFC responses were altered by 100 mg/kg HCH. Immunostimulation has been described at certain (usually low) dose levels of chemicals that are otherwise immunosuppressive, although the biological significance is unknown (57-59P). (82, 83) , suppression of cell-mediated immunity (84), pronounced thymic atrophy (85, 86) , depression of NK cell activity (87, 88) , and stimulation of the reticuloendothelial system (81, 89) . Studies examining postnatal immune function in humans exposed in utero to exogenous estrogen are limited to a few retrospective evaluations of adults exposed during pregnancy to DES. These currently unconfirmed reports suggest possible adverse immune effects in humans, including altered T-lymphocyte and NK cell function in adulthood (76, 90) and increased incidence of autoimmune diseases (74, 91) .
The available rodent data support the indication in humans that developmental exposure to DES may alter postnatal immunocompetence. Long-term impairment of both humoral (antibody production), innate (i.e., NK cell activity), and cellmediated (T lymphocyte mitogen responsiveness, graft-versus-host reaction, and delayed hypersensitivity) immune function has been associated with perinatal DES exposure in mice (75) (76) (77) (78) . Depression of these functional assays has further been associated with increased postnatal susceptibility to viral-induced mammary tumors and to transplanted primary and carcinogen-induced tumors (79, 80) . It (117, 118, 127, 128) , and prednisolone (118, 129, 130) . Limited amounts of CsA or AZA cross the placenta; however, observations of transient neonatal thrombocytopenia, leukopenia, and hypoplasia of the lymphatic system in children exposed to CsA (124) or to AZA and prednisolone (131, 132) during pregnancy suggest that some developmental immunotoxicity results from maternal exposure to these agents. The long-term immune consequences (e.g., postpuberty) from such exposure in these children remains unknown.
Compared to AZA, CsA treatment during human pregnancy carries a higher risk of premature delivery as well as for the delivery of small-for-gestational-age (SGA) babies. In a recent study of 238 women receiving a variety of immunosuppressive drug regimens during pregnancy, the rates for both prematurity and SGA infants were high (49 and 29%, respectively) (133) . Regimens that included CsA resulted in 66% prematurity (43% with AZA) and 56% SGA babies (19% with AZA). However, data from this study indicated, in contrast to previous reports, that AZA may carry a higher risk of congenital malformation than CsA. Birth defects presently associated with CsA administration during pregnancy include cataracts (116, 134) , dysmorphic facial appearance (135), cleft palate (136) , aseptical necrosis of the femoral head, and additional fetal malformations induced by recurrent viral infection (137) . The resultant uncertainty surrounding the potential of these agents to induce developmental malformations in humans, as well as regarding "safe" levels of these agents to be administered during pregnancy, was underscored by the results of a recent survey of pediatric gastroenterologists in which the "vast majority of responders were not certain what to recommend with respect to the use of immunosuppressive agents prior to and during pregnancy" (117 Holladay (148) ]. It has also been suggested that humans exposed to DES during immune development may display increased incidence of autoimmune disease. A retrospective study of women (1,711 individuals) exposed to DES during pregnancy found that the overall frequency of any autoimmune disease was 28.6/1,000 compared to 16.3/1,000 among unexposed controls (significantly different at p = 0.02) (74) . The autoimmune diseases evaluated included systemic lupus erythematosus, scleroderma, Grave disease, Hashimoto thyroiditis, pernicious anemia, myasthenia gravis, thrombocytopenic purpura, rheumatoid arthritis, regional enteritis, chronic ulcerative colitis, multiple sclerosis, chronic lymphocytic thyroiditis, Reiter syndrome, and optic neuritis. When these autoimmune diseases were considered individually, however, only Hashimoto thyroiditis occurred significantly more often in the exposed women (p = 0.04). A similar evaluation of 1,173 humans exposed to DES during development (1,079 females and 94 males) found increased asthma, arthritis, and diabetes mellitus compared to prevalence rates for these diseases in the general population (91) . However, in a more recent study evaluating rates of allergy, infection, and autoimmune disease in DES-exposed individuals (253 men and 296 women) matched with similar unexposed individuals (241 men and 246 women), no differences in disease occurrence were detected (149). Baird et al. (149) concluded that a larger sample was needed to evaluate DES-associated risk of autoimmunity because autoimmune diseases are relatively rare in the human population. Thus, preliminary studies of humans exposed before birth to DES suggest the possibility of postnatal immune alterations, including increased autoimmune disease.
Rodent studies that evaluated increased expression of autoimmune disease after developmental immunotoxicant exposure have been limited. However, a recent report indicates that mice predisposed to the development of autoimmune disease display exacerbated disease if exposed to DES or TCDD during gestation. Silverstone et al. (150) found that a single fetal exposure to TCDD in NZB x SWR (SNF1) mice significantly reduced the time to postnatal onset of autoimmune lupuslike nephritis in the male offspring. These authors reported a similar observation for DES, i.e., a single fetal exposure of SNF1 mice to DES induced autoimmune nephritis in male offspring between 5 and 10 months of age. Female SNF1 mice develop this autoimmune syndrome spontaneously during the first year of life; however, male mice do not display significant autoimmunity before 1 year of age. This report suggests that prenatal exposure to certain immunotoxicants may play a role in postnatal expression of autoimmunity.
Postatal Immunotoxicant Exposure
There are few developmental studies in which experimental animals have been exposed to immunotoxicants only during the postnatal period.
Although it is not an immunotoxic agent, malnutrition during early childhood adversely affects the immune system. Dietary protein deprivation in malnourished young children between 1 and 3 years of age resulted in a number of immune deficiencies. These included decreased IgG and trends toward lower IgA and IgM levels, decreased cutaneous hypersensitivity responses, decreased T lymphocyte responses to phytohemagglutinin (PHA), and reduced responses to Salmonella typhi vaccine (151) . Four-to sixweek-old mice fed a low protein diet displayed decreased T cells and decreased responses to PHA and allogeneic cells in the mixedlymphocyte response (MLR), as well as retardation of immune maturation (152) . Zinc deficiency in the diet of lactating mouse dams resulted in pups that displayed retardation of thymus and spleen development, depressed T-cell mitogen responses, and the absence of detectable IgM and IgG (153) (154) (155) .
The administration of certain drugs during early postnatal life can also result in altered immune function later in life. For example, 1-day-old mice and rats exposed to cortisol acetate or hydrocortisone, respectively, displayed thymic atrophy and reduced antibody responses to sheep red blood cells (SRBC) (156, 157) . When given to 1-to 5-day-old mice, DES, a nonsteroidal drug having estrogenic activity, resulted in a number of immune abnormalities. These abnormalities included reduced T-and B-cell mitogen responses to PHA and LPS, respectively; reduced antibody responses to SRBC and LPS; reduced T-helper cells; and reduced NK cell activity (88, 158, 159) .
Toxic chemicals administered to young animals may also alter immune function, which may be more severe than that in adults or which may persist for a longer period of time. For example, the exposure of rat pups to di-n-octyltin dichloride during the first 3 weeks of life resulted in suppression of the PHA response, which persisted up to 10 weeks of age (160) . Rat pups exposed to cocaine from postnatal day 1-21 had decreased peripheral blood lymphocytes on day 22, whereas pups exposed to both cocaine and ethanol had decreased total IgM levels (161) . Weanling (i.e., 25-day-old) rats dosed 4 times over 17 days with 3,3',4,4'-tetrachloroazoxybenzene had reduced thymus weights, antibody responses to SRBC, peritoneal macrophage chemiluminescence, and bone marrow cellularity. These effects were greater in rats exposed as weanlings compared to adults (i.e., 56 days old at the start of dosing) (52).
Comparison of Similarities and Differences Between Humans and Laboratory Animals
Direct comparison of immune development between human and animals is complicated by several factors. However, the most significant difference lies in the developmental maturity of the immune system before and after parturition. This difference has been linked to the length of gestation. For example, animals with short gestation periods (e.g., mice, rats, rabbits, and hamsters) have relatively immature immune systems at birth compared to humans, with significant immune development occurring postpartum. Nevertheless, there are more similarities than differences in the ontogeny of the human compared to laboratory animal immune systems. In fact, a significant amount of our knowledge about human immune system development has been achieved because of animal research.
To present the similarities and differences in the ontogeny of immune system cells for which there are data in both humans and mice, we used a convention to compare prenatal immune system maturational landmarks between the species. The period of gestation for the mouse is approximately 20 days; that for the human is 40 weeks. Therefore, each day of gestation for a mouse is approximately equivalent to 2 weeks of gestation for the human. We expressed the time of gestational development for each maturational landmark for which there are comparable data for the human and the mouse, as a decimal portion (dp) of the respective gestational periods (Table 1) . For example, if a specific maturational landmark occurs on week 10 for the human and on day 12 for the mouse, the dp would be 10/40 = 0.25 for the human and 12/20 = 0.60 for the mouse.
Embryonic hematopoietic stem cells in the fetal yolk sac begin to migrate in the human fetus at approximately 5 weeks (dp = 0.125), which results in the presence of lymphocyte precursors in the liver by 7 weeks (dp = 0.175) and in the thymus after 9 weeks (dp = 0.225) (162) . At 10 weeks (dp = 0.25) the fetal thymocytes express the T-cell markers CD3, CD4, CD5, and CD8 (163) . Lymphocytes begin to appear in peripheral blood shortly after their appearance in the thymus and then in the spleen (164) . In the mouse, the thymic epithelial anlage is colonized by bone marrow-derived stem cells on approximately gestation day 11 (dp = 0.55). By day 14 (dp = 0.70), murine thymocytes express CD4 and CD8 (165) . For these maturational landmarks the mouse is chronologically 2-to almost 3-fold more immature than the human, respectively.
PHA-responsive lymphocytes in the human fetal thymus are detectable by 12 weeks (dp = 0.3), with splenic and peripheral blood lymphocyte responsiveness to PHA detectable approximately 4 weeks later (dp = 0.4) (166) . Responses to Con A have been observed with thymus cells at 13-14 weeks of gestation (dp = 0.35) and with spleen cells at approximately 18 weeks of gestation (dp = 0.45) (167). At 11-15 weeks of gestation (dp = 0.275-0.375), lymphocytes from human fetuses are capable of stimulating and responding to allogeneic lymphocytes in an MLR (168) . On the other hand, mouse thymocytes only begin to respond to PHA, Con A, and in an MLR by gestation day 17 (dp = 0.85), which is greater than a 2-fold delay compared to the human. Although the levels of thymocyte responsiveness to PHA and in the MLR in mice are similar to adult levels, Con A responsiveness does not reach adult levels until 2-3 weeks after birth (169) . Table 1 . Time of gestational development (dp). The development of functional NK cells in the human fetus occurs at 28 weeks of gestation (dp = 0.35), with full-term newborns displaying peripheral blood NK activity at approximately 60% that of adult levels (170) .
In contrast, NK cell activity in mice is absent at birth and does not begin to appear until about 3 weeks of age (171) .
The development of B lymphocytes in humans begins at approximately the same time as T lymphocytes. B lymphocytes (i.e., lymphocytes bearing sIgM and sIgG) are first found in the liver at about 8 weeks of gestation (dp = 0.10) and in the spleen at about 12 weeks (dp = 0. 15). IgD-and IgA-bearing cells are found at 12 weeks of gestation (dp = 0.15). Adult levels of B lymphocytes bearing slg of all classes are reached by [14] [15] weeks of gestation (dp = 0.35) (172 (173) . In fetal mice, B cells expressing sIg appear in the liver, spleen, and bone marrow on day 17 (dp = 0.85) (6), which represents an approximate 3-fold delay compared to the human. In mice, antibody responses to T-cell-independent antigens occur soon after birth and reach near-adult levels by 2 or 3 weeks. In contrast, T-cell-dependent antibody responses in mice begin after 2 weeks and do not reach adult levels until 6-8 weeks of age (174 (173) . On the other hand, a case has been made that deficient B-cell function during the first several years of life is due to a B-cell defect or immaturity rather than to a negative influence by T-suppressor cells or monocytes (172, 175) . In any event, it has been postulated that the greater susceptibility of human newborns to certain bacterial infections is due to deficient B-cell function, particularly because of the delay in production of IgG and IgA antibodies (172 (180, 182) . After infection, the pool of PMN and PMN precursors in the newborn animal is rapidly depleted compared to adults (183) . Furthermore, the number and rate at which PMNs reach the site of infection in newborn rats are decreased compared to adults (184) .
Complement components and activity have been studied during fetal and neonatal life in humans. The complement component C3 appears in fetal tissues as early as 6 weeks of gestation, with C2 and C4 detected at 8 weeks of gestation (185) . The appearance of complement in fetal tissue is due to synthesis by the fetus because little or no transfer of complement occurs across the placenta (186) . In general, it appears that many of the components of complement, as well as the hemolytic activity of complement, are significantly lower in newborns compared to adult levels. Maturation of components of the dassical and alternative complement pathways occurs in an age-related fashion, with C2, C4, C5, C6, and B reaching adult levels by 6 months of age (187) . Although these quantitative deficiencies are not necessarily associated with functional defects, the increase in complement proteins during the first 6 months of life may partially explain the agerestricted susceptibility to bacterial infection (188) . In fact, evidence suggests that deficiencies in the opsonizing capacity of complement in neonatal serum may contribute to this susceptibility (180) . Work in fetal sheep and pigs has demonstrated that whole complement activity in serum is not detectable until after day 123 of gestation in the sheep (normal gestation of 145 days) and that in pigs the levels of C8 and C9 are only 30% of adult levels at term (189) .
The in vitro induction of interferon production in lymphocytes obtained from fetal (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) weeks of gestation), newborn, child (1 month to 10 years), and adult tissue have been studied. The interferon titers were in general the lowest among the fetal tissue and the highest among newborns and children. However, the data suggested that the interferon-producing capacity of human lymphocytes remains relatively constant throughout intrauterine and postnatal life (186 Continued animal studies remain the most obvious way to define the most sensitive periods of immune system development to immunotoxicant exposure. In this regard, although there are numerous studies in laboratory rodents that have demonstrated the sensitivity of immune system development to perturbation by physical or chemical insults, many of these studies used both preand postnatal exposure regimens. Thus, it is often unclear which portion of such exposure contributes most to subsequent immune impairment. A first step in making this determination would involve crossfostering studies with known developmental immunotoxicants to determine and compare the effects of in utero versus lactational and/or early postnatal exposure. In addition, the development and application of more sensitive and predictive end points of developmental immunotoxicity would facilitate the identification of critical windows of exposure.
Another gap in present knowledge is the role that toxicokinetic and/or toxicodynamic mechanisms play in age-dependent responses.
Specifically, it is uncertain if the inherent increased susceptibility of the young animal/human to immunotoxicants is due to reduced ability to metabolize and/or excrete the toxic moiety, or is more the result of the exposure occurring during critical developmental phases that require waves of rapid cellular proliferation and differentiation. Kinetic studies and studies evaluating immunotoxicant effects on the genes regulating cell cycle and apoptosis in developing immune tissues are needed to begin to answer these questions.
Information regarding possible consequences of exposure to immunotoxicants very early in gestation (e.g., postconception/preimplantation) is also essentially unavailable. For instance, it is presently not known if certain chemical agents may affect hematopoietic progenitor cells in the yolk sac before migration to fetal liver, affecting immune development. Similarly, no information is available regarding possible adult exposures (i.e., preconception) that may have the potential to alter the development of the fetal immune system. The National Toxicology Program (NTP) of the National Institute of Environmental Health Sciences has, over the past 15 years, developed a two-generation study design (i.e., reproductive assessment by continuous breeding) specifically aimed at identifying potential hazards to male and/or female reproductive performance resulting from exposure to toxic chemicals (190) . This NTP paradigm for detecting reproductive impairment in the offspring of rodents in which the male and/or the female parent was exposed to chemical agents before and/or throughout the breeding and lactating period could be directly applied to studying effects of parental chemical exposure on immune development of the offspring.
An additional recent area of concern in developmental immunotoxicity is that earlylife exposure to certain chemical agents may not only produce postnatal immunosuppression but also contribute to increased expression of hypersensitivity responses or autoimmune diseases later in life. A careful evaluation of this possibility that gestational exposure to certain immunotoxicants may relate to postnatal expression of aberrant immune function is needed and represents a major gap in our present understanding of the possible consequences of immunotoxicant exposure during development. Although rodent studies will be critical to providing data to fill this gap, recent success in organ transplant procedures is resulting in a cohort of humans who were exposed to therapeutic immunosuppressive drugs from the preconception period throughout gestation. These individuals offer an unusual opportunity to expand the human developmental immunotoxicity database, and should be carefully followed in clinical and epidemiologic studies.
Summary
Experimental studies suggest that the production of long-term secondary immunodeficiency in adult animals requires either continued exposure to the inducing agent or damage to primitive hematopoietic cells. In contrast, low-level single-dose exposure to certain immunotoxicants during immune development may produce changes in the immune system that are long-lasting or permanent, and that may be irreversible. Thus, for at least some immunotoxic assaults, it seems clear that the developing immune system is highly sensitive relative to adults, and, therefore, that developmental immunotoxicant exposure should be limited as much as possible.
It must further be emphasized that, to date, postnatal immune end points evaluated in experimental animals exposed during gestation to immunotoxicants have focused almost exclusively on inhibited immune function rather than on aberrant immune responses. Clearly, the possibility that developmental exposure to immunotoxicants may play a role in inducing or exacerbating hypersensitivity or autoimmune responses needs to be investigated in laboratory animal studies. Further clinical and epidemiological studies using large well-defined cohorts will also need to be undertaken to establish whether acute or chronic low-level exposure during prenatal life contributes to human immunologic dysfunction and subsequent clinical disease.
